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Abstract 
To understand better how tides affect the soil conditions of salt marshes, pore-water 
flow in a modeled 3-D creek-marsh system was simulated under the influence of both mono-
chromatic and spring-neap tides. In analyzing the simulation results, we examined six indices, 
viz., marsh surface elevation, hydroperiod, shortest distance to creeks, mean soil water satu-
ration, soil saturation index and net water flux across the marsh surface. The results demon-
strated that mean soil water saturation, soil saturation index and net water flux exhibited cor-
responding patterns of spatial variations, which were related to marsh surface elevation, hy-
droperiod, shortest distance to creeks and tidal regime. While the relationships could be de-
scribed by a simple function under monochromatic tides, under spring-neap tides it was more 
complex with different behaviors in the lower and upper marsh areas. The shortest distance to 
creeks was a critically important factor affecting soil conditions. Well aerated and drained 
zones co-existed near the creek under both monochromatic and spring-neap tides. 
Spring-neap tides led to improved soil aeration in the upper marsh, including the interior sec-
tion (away from the creek) where the hydroperiod and inundation frequency were reduced 
during neap tides. However, the local flushing condition did not improve correspondingly. 
The study suggests that single morphological index cannot describe the soil conditions ade-
quately. A proper representation of the soil conditions for plant growth and distribution 
should take into account not only the aeration condition but also the flushing condition. For 
that purpose, a composite index is needed to combine the soil water saturation index and the 
net flux index. 
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1. Introduction 
Salt marshes are intertidal wetlands vegetated by herbs, grasses and low shrubs [Chap-
man, 1960; Armstrong, 1982; Vernberg, 1993]. Plants in these wetlands are commonly found 
to be organized in spatial patterns, i.e., plant zonation [Chapman, 1960; Marani et al., 2006; 
Sadro et al., 2007]. Many studies have been conducted to examine how the plant growth and 
distribution are affected by various factors, including marsh morphology, soil properties, spe-
cies competition, surface water hydrodynamics and subsurface flow processes 
[Vernberg,1993; Silvestri et al., 2005]. Ecologists, particularly, have paid attention to marsh 
morphology. 
It has been suggested that oxygen availability in the marsh soil, affecting plant root res-
piration, plays an important role in governing the plant growth [Dacey and Howes, 1984; 
Colmer and Flowers, 2008]. Since the oxygen diffusivity and concentration in pore-water are 
much lower than those in the air [Armstrong and Drew, 2002], oxygen availability is deter-
mined predominantly by the soil aeration. Salt marshes are periodically inundated by the tidal 
water, which can lead to poor aeration with oxygen depleted in the marsh soil, adversely af-
fecting the plant growth [Dacey and Howes, 1984; Ursino et al., 2004; Li et al., 2005; Mara-
ni et al., 2006]. Attempts have been made to establish relationships among the soil aeration, 
spatial plant distribution and marsh morphology as well as other factors (e.g., Silvestri et al. 
[2005]; Moffett et al. [2010]). A number of indices have been developed to describe such re-
lationships: 
(1) Marsh surface elevation (SE), reflecting directly the marsh topography, is a tradi-
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tional index for studying plant zonation in a salt marsh. In nature, the marsh platform typi-
cally inclines towards the coastal sea, with the maximum elevation occurring at the inland 
side. Different areas of the salt marsh are subjected to different degrees of inundation as the 
coastal water level rises and falls with the tide. Thus, the SE affects local moisture content 
and pore-water salinity in the soil, and hence influences the plant growth and distribution 
[Silvestri et al., 2005]. 
(2) Shortest distance to creeks (SDC) has also been adopted to study plant zonation 
since the creek network is a key element of marsh morphology [Sanderson et al., 2001; Sil-
vestri et al., 2005; Moffett et al., 2010]. Creeks play an important role not only for transmit-
ting tidal signals, but also for chemical (e.g., salt) transport between the marsh and coastal sea. 
Recent research has revealed near-creek circulating flow with surface water infiltrating the 
soil through the marsh platform and pore-water seeping out of marsh sediments across the 
creek bank and bottom [Ursino et al., 2004; Gardner, 2005; Li et al., 2005; Marani et al., 
2006; Wilson and Gardner, 2006; Xin et al., 2009, 2011]. As a result, the near-creek area 
tends to be well aerated (for plant root respiration) and flushed (preventing overly high salini-
ties), and hence better suited for plant growth compared with the interior area [Mendelssohn 
et al., 1981; Howes et al., 1981; Howes and Goehringer, 1994]. 
(3) Hydroperiod (HP) combines the SE and tidal fluctuations to define the regime of 
local inundation, i.e., 
 H P i
T
P
P


, (1) 
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where H P  is the averaged hydroperiod over a reference period, 
T
P  (e.g., period of the 
spring-neap tidal cycle); and 
i
P  is the i
th
 inundation period over 
T
P . This is a simple yet 
widely used index for characterizing soil conditions [Silvestri et al., 2005]. 
The above three indices do not directly account for pore-water flow effects. In the fol-
lowing, we discuss three additional indices that consider them. 
(4) Mean soil water saturation (MSS) in the root zone is the complement to that zone’s 
average air content, and thus it can represent the soil aeration. The root zone, within the inter-
tidal range, responds to tides with temporarily varying soil water saturation [Xin et al., 2009]. 
Measurement of the soil water saturation is non-trivial and is not carried out routinely. 
(5) Soil saturation index (SSI) is defined as the ratio of the period of saturation to a ref-
erence period at the soil depth of the root zone [Xin et al., 2010], i.e., 
 1SSI
m
i
T
t
P





, (2) 
where   = 0 if the local groundwater table is below the root zone; otherwise   = 1; t is 
the incremental period (e.g., time step used in the simulation) and m is the total number of 
incremental periods over the whole reference period (PT). SSI varies between 0 and 1, repre-
senting respectively the permanently aerated and non-aerated conditions over PT. Since the 
oxygen diffusivity and concentration in the pore-water are much lower than those in the air, 
the saturated condition (SSI = 1) can be treated as being unsuitable for plant growth. Note 
that the calculation of SSI is relatively simple, based on the local water table elevation. 
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The characterization of the soil conditions for the marsh plant growth by the above five 
indices is incomplete since other factors are neglected, particularly nutrient availability and 
salinity stress. For example, the soil salinity has been found to affect plant growth and distri-
bution because of differences in the tolerance of plant species to salinity [Silvestri and Mara-
ni, 2004; Pennings et al., 2005]. The near-creek circulation, discussed earlier, provides a key 
mechanism for solute (nutrient and salt) transport in the marsh soil, affecting the soil condi-
tions in terms of nutrient availability and salinity stress for plant growth. 
(6) Net water flux (NWF) across the marsh surface associated with the tide-induced 
circulation is introduced here to represent further the soil conditions. This flux, as an indica-
tor of the local drainage/flushing condition, is likely to correspond negatively with the soil 
moisture and soil salinity. Inadequate flushing may allow local pore-water salinity to increase 
markedly under the influence of evapotranspiration, resulting in hyper-salinity that would af-
fect plant growth and distribution in salt marshes [Morris, 1995; Silvestri et al., 2005]. As 
discussed by Xin et al. [2011], the temporal scale of the tide-induced pore-water circulation 
varies by orders of magnitude within the marsh system. Direct simulations of solute transport 
in the marsh soil under the influence of such a flow condition would take very long time to 
reach a quasi-steady state (for which the solute has moved through a complete circulation cy-
cle through the marsh). Therefore, the solute exchange between the surface water and 
groundwater in the modeled marsh system was not simulated directly; instead the analysis 
was based on the net water flux, as an indicator for the solute transport and concentration in 
the marsh soil. 
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The first three indices listed above have been used widely in previous studies of plant 
zonation in salt marshes [Silvestri et al., 2005; Moffett et al., 2010]. The correspondence of 
these indices with plant distributions varied case-by-case due to the complexity of natural 
marshes. With the effect of pore-water flow incorporated, the last three indices are expected 
to correlate better with the plant growth and distribution. Using SSI, Xin et al. [2010] con-
ducted numerical simulations to identify two characteristic zones of soil aeration over a 
cross-creek section subjected to the influence of spring-neap tides: a relatively well aerated 
near-creek zone and a poorly aerated interior zone, a result consistent with field observations 
of plant zonation along the creek [Mendelssohn et al., 1981; Howes et al., 1981; Howes and 
Goehringer, 1994]. By contrast, the hydroperiod would indicate an unrealistic, uniform soil 
inundation (aeration) condition across the section. While the work of Xin et al. [2010] high-
lighted the effect of spring-neap tides on soil conditions, it was based on a cross-creek section 
rather than a more realistic, 3-D marsh system. 
Recently, Xin et al. [2011] presented a modeling study of a synthetic 3-D creek-marsh 
system and revealed multiscale pore-water flows in the form of near-creek circulation, me-
ander-modulated circulation and near-channel circulation. These circulations are likely to be a 
key process underlying the variations of soil conditions in the marsh system. Moffett et al. 
[2012] simulated a 3-D marsh system based on field measurements and demonstrated com-
plex spatial variations of soil conditions. This work revealed important interplays of multiple 
factors (including soil heterogeneity, topography, vegetation, groundwater and surface water 
dynamics) in affecting the eco-hydrological zonation of the marsh system, motivating further 
research to examine the details of underlying mechanisms. 
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The present study aims to explore the link between pore-water flows and soil conditions 
in a 3-D salt marsh subjected to the influence of spring-neap tides. Spring-neap tides com-
monly occur at natural coasts [McKee and Patrick, 1988; Chen, 1998; Montalto et al., 2006], 
with the tidal range varying from the maximum at the spring tide to the minimum at the neap 
tide. The variation of the tidal range results in varying extents of inundation over the marsh 
during the spring-neap tidal cycle – an aspect that is fundamentally different from commonly 
studied monochromatic systems. Based on a 3-D creek-marsh system with a layered soil con-
figuration (a mud layer overlaying a sandy-loam layer), we simulated the pore-water flow in 
the marsh subjected to the influence of monochromatic (semi-diurnal) and spring-neap tides, 
respectively. In analyzing the effects of spring-neap tides on the behavior of the marsh com-
pared with those of monochromatic tides, we focused on the variations of the six indices, in 
particular, how they combine to reflect the soil conditions in the marsh. 
2. Conceptual and mathematical models 
2.1. Physical conditions 
The synthetic marsh examined here is similar to the base case in Xin et al. [2012] (Fig-
ure 1). The simulated creek-marsh system captures the characteristics of upper sections of 
tidal flats [Allen, 2000; Novakowski et al., 2004; Torres and Styles, 2007]. A meandering 
creek is embedded in the marsh sediment and linked to the tidally fluctuating coastal water 
through a main channel on the marsh edge (Figure 1). The synthetic creek-marsh system was 
characterized by topographic (slope) changes over three different scales: (1) large slope 
changes at the creek and main channel bank (0.2 and 0.1, respectively), (2) marsh surface el-
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evation changes associated with the creek meander (with an maximum channel curvature of 
π2/500 m-1), and (3) a small uniform inclination angle (0.005 in elevation gradient) of the 
whole marsh platform (Figure 1, see Xin et al. [2011, 2012] for details). 
As soil strata are commonly found in natural marshes [Harvey et al., 1987; Dolphin et 
al., 1995; Hughes et al., 1998; Gardner and Porter, 2001; Perillo et al., 2005; Xin et al., 
2009; Carol et al., 2011; Wilson and Morris, 2012], we generated a two-layer soil configura-
tion with an upper low-permeability mud layer and a lower high-permeability sandy-loam 
layer. For the purpose of simplicity, we set the interface between the two soil layers locally at 
a depth (from the marsh platform) equivalent to 10% of the local sediment thickness (Figure 
1). As the elevation of the marsh platform varies from 6 (marsh edge) to 7.25 m (marsh upper 
end), this interface varies in depth from 0.6 to 0.725 m. This stratigraphy (e.g., the thickness 
of a mud layer) is consistent with field observations [Hughes et al., 1998; Xin et al., 2009]. 
While salt marshes are also affected by evapotranspiration, precipitation and regional 
flow, we focused on tidal forcing in this paper. We assumed that the main channel was di-
rectly connected to tidal water and set as the coastal boundary with specified tidal level fluc-
tuations. Two types of tidal forcing were considered: 
(1) a monochromatic (semi-diurnal) tide given by (Figure 2), 
  M SL 1 1cosH Z A t   (3) 
and 
(2) spring-neap tides given by (Figure 2), 
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    M SL 1 1 2 2cos cosH Z A t A t      , (4) 
where H  is the water level [L] in the main channel at the time t  [T]; 
M SL
Z  is the mean sea 
level [L]; 
1
A  and
2
A , and 
1
  and 
2
  are the amplitudes [L] and angular frequencies [T
-1
] 
of the semi-diurnal solar (S2) and lunar tide (M2), respectively; and   is the phase differ-
ence between the two tidal constituents [-]. The bi-chromatic signals combine to produce the 
spring-neap tidal variations. For the semi-diurnal solar tide, 
1
T  = 12 h and 
1
  = 0.5236 
rad/h; and 
2
T  = 12.42 h and 
2
  = 0.5059 rad/h for the semi-diurnal lunar tide. Thus, the 
spring-neap tidal cycle is formed with a longer period of 
1 2
2 /( )T      = 14.78 d [Godin, 
1972]. 
2.2. Mathematical model 
A coupled model based on ELCIRC for surface water [Zhang et al., 2004] and SUTRA 
for pore-water [Voss and Provost, 2008] was employed. The details of the coupling approach 
and model validation can be found in Yuan et al. [2011]. As we considered here silt loam, a 
relatively compressible soil, the compressibility of the soil matrix and water was included. To 
account for the effect of varying total stress on the marsh soil during the inundation, the 
SUTRA code was modified with a tidal loading term added to Richards’ equation [Reeves et 
al., 2000; Gardner and Wilson, 2006; Xin et al., 2012]. The seepage face (with zero pressure) 
was allowed to develop across the marsh sediment surface. Seepage occurs across a large ar-
ea of the marsh surface particularly as the tide recedes [Xin et al., 2011]. This circumstance 
clearly affects the local soil saturation, especially for low-permeability silt loam. 
The model based on Richards’ equation simulated the soil water saturation, the com-
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plement of which within the pore space reflects the soil aeration to some extent under the as-
sumption that air can be readily displaced by water – lower soil water saturation is related to 
better aeration. This is appropriate when pressure gradients in the air phase are insignificant 
compared with those in the water phase [Li et al., 2005], which we consider to be a reasona-
ble assumption in this study. In coastal marshes, salt concentrations in surface water and 
pore-water can vary spatially and temporally, leading to density gradients that may affect the 
pore-water flow. Here, we neglected this effect by assuming a constant water density, as done 
in previous numerical studies [Ursino et al., 2004; Wilson and Gardner, 2006; Xin et al., 
2009; Xin et al., 2011], in order to focus on effects of tides and marsh morphology in the first 
instance. The constant water density assumption is likely to apply to many salt marshes 
where freshwater input from upland is lacking. 
2.3. Parameter values used in the simulations 
The monochromatic tide simulations consisted of a S2 tide with an amplitude (
1
A ) of 1 
m. For the spring-neap tides, the S2 (
1
A ) and M2 (
2
A ) amplitudes were set to 0.25 m and 0.75 
m, respectively. The phase lag ( ) between the two tidal constituents was assumed to be zero. 
The mean sea level, 
M SL
Z , was set to 6.3 m, which allowed the whole marsh platform to be 
inundated at seven spring high tides over a spring-neap cycle. 
Silt-loam (mud) and sandy-loam, two typical soil types commonly encountered in salt 
marshes, were simulated in the upper and lower layers, respectively [Gardner and Porter, 
2001; Schultz and Ruppel, 2002; Simonini and Cola, 2002; Cao et al., 2012; Wilson and 
Morris, 2012]. Following Wang et al. [1997], the hydraulic conductivities of the upper and 
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lower soil layers were set to 1.25 × 10
-6 
m/s and 1.23 × 10
-5 
m/s with porosity equal to 0.45 
and 0.41, respectively. For the upper soil layer, the residual water saturation, 
Wres
S , was set to 
0.15, and the van Genuchten (1980) water retention parameters, 
v
  and n , to 2 m
-1
 and 
1.41, respectively, according to the data for the soil type given by Carsel and Parrish [1988]. 
These parameter values would lead to a relatively thick capillary fringe with relatively high 
soil water saturations (> 0.9) across the whole marsh system. The lower soil layer was ex-
pected to be (near-) saturated over the tidal period. Therefore, the soil water retention param-
eters did not affect the flow in the lower layer. Compressibility of soil matrix and water were, 
respectively, set to 10
-7 
Pa
-1 
and 4.47 × 10
-10 
Pa
-1
 [Freeze and Cherry, 1979]. 
The initial condition, boundary conditions, time step size and mesh size were similar to 
those of Xin et al. [2012]. Time step and mesh size tests demonstrated that converged numer-
ical results were obtained. 
3. Simulation results 
3.1. Groundwater table and soil water saturation dynamics 
 The simulated tide was uniform across the whole marsh, with the water level oscillation 
relative to the marsh surface elevations at various locations as shown in Figure 2. The spring 
tides on days 0-2 (and days 13-15) differed little from the monochromatic tide. At the spring 
high tide, the whole marsh was inundated. As the tide changed from spring to neap (days 3-7), 
the range of the water level oscillation decreased and increasingly the upper marsh area be-
came unaffected by the tidal inundation. 
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In response to the spring-neap tidal oscillations, the pore-water flow and soil water satu-
ration in the marsh varied not only between high and low tides over the semi-diurnal cycle 
but also between spring and neap tides over a longer period of 14.78 d. Note that a 
spring-neap tidal period contains around 29 semi-diurnal tidal cycles. Figure 3 shows the 
variations of the simulated soil water saturation near the sediment surface across the marsh at 
six tidal stages. At the spring high tide, complete tidal inundation of the whole marsh resulted 
in a fully saturated soil (Figure 3a, day 0). As the tide receded (from the high spring to low 
spring tide), the pore-water seeped out from the marsh soil, leading to decline of the ground-
water table as shown in Figure 4 (which plots, as an example, local groundwater table fluctu-
ations at six locations on the cross-creek section along y = 190 m). However, the decline of 
the water table in the marsh interior (away from the creek) was very limited with a slight drop 
below the local platform surface over the spring tides (days 0-4) and hence the soil remained 
mostly saturated in this area due to a relatively thick capillary fringe in the silt loam. There-
fore, at the spring low tide aerated soil could occur only in two narrow zones near to and on 
both side of the creek (Figure 3b). 
The poor aeration evident in the interior was improved in the upper marsh area during 
the neap tides. As the tidal range decreased from spring to neap tides, the extent of tidal in-
undation was reduced and did not reach the upper marsh area (Figure 2). A hydraulic gradient 
between the marsh interior and the creek (bank and bottom) persisted during this period, 
driving drainage to the creek [Xin et al., 2010]. The cumulative effect of this drainage process 
over the neap tides (days 5-9; Figure 4) led to a continuous decline of the local water table in 
the marsh interior. Across the whole marsh system, the aerated zones extended consistently 
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towards the marsh interior in the upper marsh area (Figures 3c-3e). However, the 
low-elevation marsh area was still subjected to semi-diurnal inundations with no improve-
ment of the local soil aeration. Moreover, the low tide limit rose also as a result of the re-
duced tidal range. This led to shortening of the strip-like near-creek aerated zone at the lower 
marsh end, which developed at low tides (Figure 3c vs. Figure 3b). As the spring tides ap-
proached, the persistent drainage (with no interruption due to inundation over the 
semi-diurnal cycle) in the upper marsh area paused, and the whole marsh was effectively sat-
urated due to the extensive inundation at the high tide (Figure 3f) and aerated only in the 
near-creek zone at the low tide. 
The temporal variations of the net flux across the whole marsh surface over a 
spring-neap tidal cycle were examined (Figure 5a). For the simulated marsh, the flux associ-
ated with soil compressibility (with compressibility coefficient = 10
-7 
Pa
-1
) was negligible 
[Xin et al., 2012]. Thus, the net flux was primarily related to the volumetric change of satu-
rated pore space in the marsh soil. Overall, the rates of net influx and efflux increased with 
the tidal range as the tides switched from neap to spring tides. This is consistent with the 
findings of Wilson and Morris [2012]. Their 2-D model results demonstrated enhanced 
flushing (i.e., increased flux) of the marsh soil as the tidal amplitude increased and caused 
more extensive inundation of the marsh platform. The time-varying net flux was integrated 
from day 0 (spring high tide) to determine the cumulative flux at different times over the 
spring-neap cycle (Figure 5b). This cumulative flux reflects the overall degree of soil satura-
tion in the whole creek-marsh system, i.e., a zero cumulative flux represents a fully saturated 
soil condition and a negative cumulative flux is related to a drained soil condition (Figure 5b). 
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The results showed that although both influx and efflux across the marsh surface occurred 
over the neap tides, the latter was dominant over each neap tidal cycle (Figure 5a). This led to 
an overall decrease in the cumulative flux, indicating drainage of the whole marsh system. 
Over the spring-neap tidal cycle, the minimum (most negative) cumulative flux occurred 
around day 10, approximately 2.5 d after the neap tide. This coincided with the time when the 
tidal level started to reach the maximum creek bank elevation (Figure 2). Afterwards, the net 
influx dominated over each tidal cycle and nearly the whole marsh system became saturated. 
Although the tidal signal was symmetric over the spring-neap tidal cycle (Figure 2), the 
response of the whole marsh system to tides was asymmetrical, particularly with the mini-
mum cumulative flux (i.e., the optimal drainage) lagging the minimum tidal range during the 
neap tides (Figure 5b). The delayed response, consistent with field observations [Thibodeau 
et al., 1998; Montalto et al., 2006; Wilson et al., 2011; Cao et al., 2012], revealed further the 
complexity of the marsh system in terms of dynamic, non-linear surface water and ground-
water interactions. This is similar to but not exactly the same as the behavior of tide-induced 
groundwater table fluctuations in a coastal unconfined aquifer. These water table fluctuations 
exhibit asymmetry with a rapid rising phase followed by a slow falling phase over the 
semi-diurnal or diurnal cycles due to sub-harmonic oscillations generated by non-linear tidal 
wave propagation in the aquifer; however, they remain almost symmetric over the 
spring-neap cycle [Li et al., 2000; King et al., 2010]. In the upper part of the marsh above the 
neap high tide mark, the local mean groundwater table continues to decline until the inunda-
tion takes place sometime after the neap tide (Figure 2). The aggregation of such local drain-
age conditions leads to the overall asymmetry in the cumulative flux across the whole marsh 
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as shown in Figure 5b. This asymmetrical behavior suggests the presence of sub-harmonic 
oscillations in the marsh system over the spring-neap cycle, e.g., oscillations of period ~7.21 
d for 2
nd
 sub-harmonics. 
Overall these results show that the inundation events lead to water infiltration through 
the soil, which affect adversely the soil aeration. On the receding tide, pore-water drainage to 
the creek improves the soil aeration in the near-creek area [Ursino et al., 2004; Li et al., 2005; 
Marani et al., 2006; Xin et al., 2009, 2011]. The results revealed further improvement of the 
soil aeration in the upper marsh area during neap tides. The soil water saturation exhibited 
interesting spatial variations associated with the dynamics of the groundwater table (Figure 3). 
While no field data are available for verifying these saturation variations, the simulated 
groundwater table behavior is consistent with field observations from previous studies (Fig-
ure 4 of Wilson et al. [2011]). 
3.2. Spatial variations of marsh soil condition indices 
Based on the simulation results, we calculated the six indices over the periods of 12 h 
and 14.78 d for the monochromatic and spring-neap tidal cases, respectively. Despite the 
same marsh morphology (Figures 6a and c vs. Figures 7a and c), the different tides led to sig-
nificant differences in the spatial patterns of SSI (Figure 6d vs. Figure 7d), mean soil water 
saturation (Figure 6e vs. Figure 7e) and net water flux (Figure 6f vs. Figure 7f). These differ-
ences were essentially due to the changes of the inundation characteristics as indicated by the 
hydroperiod (Figure 6b vs. Figure 7b). As a result of the contraction of the intertidal zone 
during the neap tides, the hydroperiod decreased in the upper marsh area and increased in the 
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lower area. 
Monochromatic tidal simulation 
For the monochromatic tide, the marsh system exhibited two narrow strip-like zones of 
relatively low soil water saturation near and along the creek, as indicated by the results of SSI 
and mean soil water saturation (Figures 6d and 6e). Near the bank of the main channel, the 
soil saturation also appeared to be lower. The spatial variations (functions of x and y) of SSI 
and mean soil water saturation correlated highly with each other (correlation coefficient = 
0.89, calculated with the “corrcoef” function in MATLAB). Given this high correlation, SSI 
may be preferred as an index for describing the soil saturation/aeration because its measure-
ment based on local water table elevation is relatively easy. 
Overall, the soil water saturation seemed to be related to the hydroperiod and SDC. 
While the SDC controlled the width of the low saturation zone in the cross-creek direction, 
the hydroperiod affected the variation of the saturation along the creek – an increase in hy-
droperiod led to a rise of saturation from the upper marsh area to the main channel with the 
near-creek low saturation zones slightly narrowed (Figures 6d and e). We tested the following 
function for relating mean soil water saturation (MSS) to hydroperiod and SDC: 
 M SS=1 (1 HP) exp(- SDC ),ca b   (5) 
where a, b and c are fitting coefficients. The rationale of equation (5) is based on an exponen-
tial damping of tidal effects with distance from the creek over the exposure period propor-
tional to (1 HP ). This is consistent with the groundwater wave propagation in unconfined 
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aquifers (e.g., Li et al. [2000]). The damping influences the pore-water drainage underlying 
the variations of MSS. Equation (5) is composed of separate variables. Its numerical values 
are dominated by the distance-dependent exponential damping term and modulated linearly 
by the hydroperiod. Equation (5) was found to fit the simulation results reasonably well with 
R
2
 = 0.85, a = 0.32, b = 1.57 and c = 0.39. This equation predicted essentially the same spa-
tial pattern of mean soil water saturation as simulated numerically (Figure 8). 
The behavior of SSI and mean soil water saturation is fundamentally linked to the 
pore-water flow. The drainage process associated with the tide-induced circulation (net efflux) 
directly affected the local groundwater table elevation and soil water saturation. We calculat-
ed the net water flux across the marsh surface over the semi-diurnal tidal cycle. The net water 
influx occurred on the marsh platform, accompanied by the net water efflux from the creek 
bank and bottom, and the main channel bank (Figure 6f). The spatial pattern of the net water 
flux resembled those of SSI and mean soil water saturation with a correlation coefficient of 
0.76 between net water flux and SSI, and 0.94 between net water flux and mean soil water 
saturation. With this high correlation, the soil aeration represented by SSI and mean soil wa-
ter saturation was in alignment with the soil flushing represented by net water flux; both con-
ditions are likely to be important for plant growth and distribution as discussed earlier. 
Spring-neap tidal simulation 
As the tidal regime switched from the monochromatic to spring-neap tides, the hydro-
period in the upper marsh area decreased (Figure 7b vs. Figure 6b). This area was inundated 
daily and remained nearly saturated over the spring tides. However, it was exposed and be-
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came unsaturated to a considerable degree due to cumulative drainage during the neap tides 
(Figure 4b). Consequently, a zone of relatively low soil water saturation formed in the upper 
marsh area including the interior, in addition to the near-creek low saturation zones (Figures 
7d and 7e). In contrast, the hydroperiod in the lower marsh area increased, resulting in a 
slight increase of local soil water saturation and narrowing of the near-creek low saturation 
zone (Figures 7d and 7e). The spatial variations of the SSI and mean soil water saturation al-
so correspond well with each other (correlation coefficient = 0.98). 
We also tested equation (5) for the spring-neap tidal case. While the relationship does not 
apply to the whole marsh system, the test focused on the lower marsh area for y ≤ 160 m 
(marsh platform elevation ≤ 6.8 m, below the neap high tide mark), where the inundation oc-
curred at a constant frequency of twice a day (Figure 9a). The result showed that equation (5) 
described well the mean soil water saturation in this lower marsh area with R
2
 = 0.84, a = 
0.35, b = 1.72 and c = 0.36 (Figure 9b). All fitting parameter values are close to those for the 
monochromatic case. 
In the upper marsh (y ≥ 160 m), the frequency of local platform inundation decreased 
with the distance from the main channel (Figure 10), due to the variations of the tidal range 
over the spring-neap cycle (Figure 2). As it is inundated less frequently, the upper marsh con-
tinued to drain to the creek until the next flooding tide. When the subsequent inundation oc-
curred, surface water rapidly infiltrated the soil and raised the local soil water saturation to 
100%. To account for the effect of varying inundation frequency on the mean soil water satu-
ration, we modified equation (5), with reduced damping for lower frequency oscillations (pe-
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riodic inundation events), 
  M SS=1 (1 HP) exp - IF+ SDC
g
d e f     , (6) 
where IF is the inundation frequency, depending on marsh surface elevation (Figure 10); and 
d, e, f and g are fitting coefficients. Equation (6) fitted well the variations of simulated mean 
soil water saturation with R
2
 = 0.94, d = 0.10, e = 0.05, f = -2.92 and g = 0.36 (Figure 9). 
The change of the tidal regime, however, did not lead to significant modifications of the 
net water flux pattern, which is similar to that of the monochromatic case. Although the upper 
marsh area became drier over the neap tides and the inundation during the subsequent (first) 
spring high tide led to higher infiltration through the marsh surface, the local net water influx 
over the whole spring-neap cycle changed little. No increase of the net influx was evident in 
the upper marsh area where a relatively low saturation zone formed. In other words, the de-
gree of flushing given by net water flux was not fully in line with the soil aeration condition. 
Consistently, net water flux was no longer correlated with either SSI or mean soil water satu-
ration (correlation coefficient < 0.1). 
We next consider how these three conditions (SSI, mean soil water saturation and net 
water flux) combine to influence the plant growth and distribution. A particular combination 
based on SSI and net water flux (NWF) was tested as a possible composite index (CI), 
 local m inim um
m axim um m inim um
N W F N W F
C I (1 SSI)+(1 )
N W F N W F
 

  

, (7) 
where  and (1  ) are weighting factors applied to the soil aeration and flushing conditions, 
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respectively; and a normalized net water flux has been used. Physically, the two weighting 
factors would be related to the dependence of the plant carrying capacity (maximum growth 
rate) on the soil aeration and flushing conditions, respectively. The calculated CI based on the 
simulations showed different patterns depending on the weighting factor (Figure 11). Overall, 
while the two conditions reinforce each other mainly in the near-creek area, the lack of syn-
ergy between the two leads to potentially less optimal soil conditions for plant growth in the 
upper marsh. This composite index is hypothetical and yet to be tested against field data; 
however, the essence of the combination is that an index of soil conditions relevant for plant 
growth should take into account the effects of all the factors included in equation (7). 
 To quantify further the changes within the whole marsh system, we ranked the four indi-
ces (hydroperiod, SSI, mean soil water saturation and net water flux) for 28,000 locations 
uniformly distributed over the marsh surface and calculated the cumulative exceedance per-
centage (similar to cumulative probability used in statistical analysis). When the tidal regime 
changed from monochromatic to spring-neap, the hydroperiod decreased over 35% of the 
marsh area as indicated by the intersection of two lines in Figure 12a. This decrease occurred 
mainly in the upper marsh area with relatively small hydroperiod values (less than 0.5, Figure 
12a) and led to reduction in the overall soil water saturation within the marsh system (Figure 
12c). The percentage of marsh area with lower saturation increased at all saturation levels 
(between 0.97 and 1) as a result of the tidal regime changing from monochromatic to 
spring-neap (Figure 12c). However, this uniform change (as with mean soil water saturation) 
did not occur for the SSI (Figure 12b): For SSI > 0.85, the exceedance percentage for the 
spring-neap tidal case was lower than that for the monochromatic tidal case whereas the op-
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posite trend occurred for low-SSI values (< 0.85). As discussed earlier, low SSI values were 
related to the near-creek zones and high SSI values with the marsh interior (Figure 6d). This 
cumulative percentage result demonstrated consistently that the spring-neap tides led to im-
provement of the soil aeration (with reduced SSI) in the marsh interior, particularly in the 
(high-elevation) upper marsh. In the lower marsh, the soil aeration, however, worsened due to 
the increase in hydroperiod (HP > 0.6, Figure 12a). 
 Under the influence of the monochromatic tide, the net effluxes to the creek and main 
channel were about 19.25 m
3
/d and 3.91 m
3
/d, respectively. Under the spring-neap tides, the 
net effluxes decreased to 18.43 m
3
/d (to the creek) and 2.64 m
3
/d (the main channel). It can 
be seen from Figure 12d that only about 16% of the total marsh surface area contributed to 
the net efflux in both cases. This area was made up by the creek bank and bottom, and the 
main channel bank. The cumulative exceedance percentages of net fluxes appeared to overlap 
noticeably for the two different tidal regime cases (Figure 12d). We ran additional simulations 
with different semi-diurnal solar (
1
A  = 0.35 m) and semi-diurnal lunar (
2
A  = 0.65 m) ampli-
tudes. The cumulative exceedance percentages calculated based the additional simulations 
differed for the two cases, suggesting that the overlapping evident in Figure 12d was not a 
general characteristic. Net water flux reflects the interaction between the marsh and coastal 
sea. A large net water efflux signifies a well-drained system. Even so, the spatial variability of 
drainage may significantly affect the soil conditions and hence play a key role in plant zona-
tion. 
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4. Discussions 
Tide-induced inundation of marsh platform has a strong effect on the marsh soil condi-
tions [Morris, 1995; Ursino et al., 2004; Li et al., 2005; Marani et al., 2006; Silvestri et al., 
2005; Moffett et al., 2010]. However, the hydroperiod index may not represent properly the 
soil conditions. Surface water infiltrates the soil rapidly as inundation of the marsh platform 
takes place, in contrast to the slow drainage during exposure [Ursino et al., 2004; Xin et al., 
2009, 2011; Moffett et al., 2012]. The simulations presented here show distinct differences in 
soil water saturation between the daily inundated and less frequently inundated marsh areas. 
Within the marsh system subjected to the influence of spring-neap tides, relatively well aer-
ated zones form near the creek within a relatively short distance in the lower area where in-
undation occurs at a constant frequency of twice daily – similar to the effect of a monochro-
matic tide. This contrasts with the well aerated zones in the upper marsh area that expand in-
creasingly as the inundation frequency decreases. Clearly, the inundation frequency plays a 
crucial role in determining the soil aeration and should be considered in combination with 
hydroperiod. Although both parameters are related to the marsh surface elevation relative to 
the tide, inundation frequency represents the effect of rapid surface water infiltration to the 
marsh soil whereas hydroperiod, as the complement of exposure period, reflects the influence 
of slow drainage of pore-water from the marsh soil to the creek. Equations (5) and (6) express 
the relationship between the mean soil water saturation and local morphological and tidal 
conditions (represented by shortest distance to creeks, hydroperiod and inundation frequency). 
These formulas are yet to be validated against field data. In addition, there remains a question 
whether they apply to systems with more complex morphology, e.g., creek network and mul-
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tiple, random marsh surface slopes. 
The simulation results show that well aerated and flushed zones co-exist near the creek 
in the form of narrow strips, under the influence of both monochromatic and spring-neap 
tides. This is consistent with previous field observations that the well aerated and low-salinity 
zones co-exist near the creek [Moffett et al., 2010; Cao et al., 2012]. This feature, however, 
disappears in the upper area of the marsh subjected to spring-neap tides. While improved soil 
aeration occurs widely in this area including the marsh interior as a result of continuous 
drainage during the exposure of local marsh surface over the neap tides, the amount of flush-
ing remains poor especially in the interior. This would possibly lead to a high-salinity zone 
due to salt accumulation under the influence of evapotranspiration [Morris, 1995; Silvestri et 
al., 2005]. In this case, a composite index should be introduced to describe the suitability of 
the combined soil conditions for plant growth dependent on the relative importance of aera-
tion versus salt stress. Overall, the simulation results suggest that, for a marsh subjected to 
spring-neap tides, (a) the lower marsh area, with only the very narrow near-creek zones aer-
ated, is likely to be dominated by bare mud flats [Morris et al., 2002]; (b) the near-creek 
zones in the upper marsh may have suitably aerated soil and low salinity pore-water suitable 
for the development of different plant species; and (c) in the upper inner marsh area, 
salt-tolerant species may adapt to the local soil with a reasonable aeration state but possibly 
high salinity. It is important to note that plant growth and zonation depend not only on the 
eco-system’s carrying capacity under particular soil conditions but also on the influence of 
intra- and inter-species competitions [Bertness et al., 1992; Costa et al., 2003; Pennings et al., 
2005]. Therefore, even well determined soil conditions may not be linked simply to observed 
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plant zonation [Armstrong et al., 1985; Moffett et al., 2010]. 
Simulated marsh systems under the influence of monochromatic and spring-neap tides 
exhibited distinct differences in soil aeration and flushing conditions. These differences are 
manifested in spatial variations of marsh soil water saturation and net water flux, and are ad-
ditionally reflected in the statistics of these soil condition parameters in terms of their occur-
rence probability. For example, the occurrence of relatively low soil water saturation is more 
probable in the system forced by spring-neap tides. Based on these results, we suggest that 
future investigations should be designed to explore further the effects of multi-constitute tides 
on salt marshes. 
Morphological and tidal factors, including marsh surface elevation, shortest distance to 
creeks, hydroperiod and inundation frequency, combine to influence mean soil water satura-
tion, soil saturation index (SSI) and net water flux. For the modeled marsh systems under 
monochromatic and spring-neap tides, relationships were established to quantify such com-
bined effects, with mean soil water saturation described by a function of morphological and 
tidal parameters. While this function for the daily flooded marsh area mainly depends on 
SDC and hydroperiod, the upper marsh in the spring-neap tidal case is significantly affected 
by inundation frequency. These results extend previous findings from 2-D models on 
pore-water flow processes and soil conditions in salt marshes. For example, the effects of sea 
level rise on salt marshes, as shown by Wilson and Morris [2012] based on a constant change 
of hydroperiod along a 2-D cross-creek transect, could be even more severe if the modifica-
tion of the inundation frequency across a 3-D marsh system is considered. 
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The present study focused on the tide-induced pore-water flow and associated soil condi-
tions. While the tide is a key driving force for salt marshes, other processes, including precip-
itation and evapotranspiration also affect water balance and pore-water flow in the marsh soil, 
particularly within the inner area [Ursino et al., 2004; Silvestri and Marani, 2004; Marani et 
al., 2006; Xin et al., 2011]. The flow may also be influenced by density gradients due to vari-
ations of surface water and pore-water salinity (the variable salinity itself would be an im-
portant factor for understanding the distribution of salt-tolerant and salt-intolerant plants). 
Given uncertainty with marsh morphology and soil heterogeneity as well as random 
rainfall events and plant species competitions, applications of the modeling results to field 
sites with typically limited data would be difficult at this stage. Nevertheless, we searched 
Google Earth for sites with plant distribution patterns that are consistent with our results and 
found a number of candidate marsh systems. For example, the plant distribution in the Wel-
wick marsh (Figure 13) is affected by spring-neap tides, and appears to exhibit a fan-shaped 
pattern in the upper area above the creek end in addition to stripes along the creek, consistent 
with our simulation results (Figure 11). This pattern was linked to measured soil aeration 
conditions by Armstrong et al. [1985]. 
5. Concluding remarks 
Recent numerical studies have examined the suitability of soil conditions for plant 
growth based on 2-D vertical cross-creek sections. These studies focused on soil aeration in 
relation to plant respiration and neglected other important soil conditions like nutrient and 
salt concentrations. Naturally, these models cannot fully represent the 3-D pore-water flow 
28 
 
characteristics and spatial variations of soil conditions. The present study, aiming to over-
come these shortcomings, examined six indices in a modeled 3-D creek-marsh subjected to 
both monochromatic and spring-neap tides. The shortest distance to creeks (SDC) was found 
to be a critically important factor affecting the soil conditions. Well aerated and 
drained/flushed zones co-existed near the creek under both monochromatic and spring-neap 
tides. Spring-neap tides led to improved soil aeration in the upper marsh, including the interi-
or section where the hydroperiod and inundation frequency were reduced during neap tides. 
This, however, was not accompanied by improved soil flushing. 
These findings have implications for investigations of marsh eco-hydrology in relation to 
plant zonation. Field experiments can be designed to collect measurements aiming to test the 
modeling results, e.g., the relationship of the mean soil water saturation with SDC, hydro-
period and inundation frequency as described by equations (5) and (6). Such a relationship is 
a key to unraveling plant zonation in natural marsh eco-systems. 
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Figure 1. Diagram of the modeled creek-marsh system (after Xin et al. [2011]). The contours 
show the marsh sediment elevation. The scale of the z axis is exaggerated by a factor of eight 
relative to those of the x and y axes. The soil stratigraphy is illustrated at the lower right cor-
ner. 
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Figure 2. Temporal changes of the tidal water level relative to local marsh surface elevations 
at various locations. 
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Figure 3. Temporal and spatial variations of soil water saturation at the marsh surface over a 
spring-neap tidal cycle: (a) spring high tide (7.3 m, elapsed time: 0 d); (b) spring low tide (5.3 
m, elapsed time: 0.25 d); (c) neap rising tide (6.61 m, elapsed time: 3.5 d); (d) neap low tide 
(5.8 m, elapsed time: 7.5 d); (e) neap rising tide (6.68 m, elapsed time: 8.75 d) and (f) spring 
high tide (7.27 m, elapsed time: 13.47 d). The tidal water levels are indicated by the arrows. 
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Figure 4. (a) Topography of the cross-creek section along y = 190 m and the six selected loca-
tions. (b) Local groundwater table fluctuations. The locations are indicated by the same col-
ors as in (a). The horizontal dotted line indicates the elevation of the local marsh platform (z 
= 6.95 m). The tidal water level is also plotted (black line).
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Figure 5. (a) Time-varying net flux across the marsh surface over the whole marsh system 
and (b) cumulative flux (change in volume of water stored in the marsh soil), which shows 
the drainage condition in the marsh soil across the whole marsh system. A fully saturated soil 
condition is given by 0, and negative values indicate partially saturated soil conditions. The 
arrow indicates the time lag between the minimum cumulative flux and the minimum tidal 
range at the neap tide. 
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Figure 6. Different indices (shown in the plot titles) calculated over a monochromatic tidal 
cycle. The reference soil depth is set to 0.2 m. 
44 
 
x (m)
y
 (
m
)
c) Shortest distance to creeks (m)
 
 
-50 0 50
0
50
100
150
200
250
0
10
20
30
40
50
60
70
80
x (m)
y
 (
m
)
a) Topograpy (m)
 
 
-50 0 50
0
50
100
150
200
250
3
3.5
4
4.5
5
5.5
6
6.5
7
x (m)
y
 (
m
)
b) Hydroperiod (-)
 
 
-50 0 50
0
50
100
150
200
250
0
0.2
0.4
0.6
0.8
1
x (m)
y
 (
m
)
d) SSI at 0.2 m depth (-)
 
 
-50 0 50
0
50
100
150
200
250
0
0.2
0.4
0.6
0.8
1
x (m)
y
 (
m
)
e) Mean soil water saturation (-)
 
 
-50 0 50
0
50
100
150
200
250
0.95
0.96
0.97
0.98
0.99
1
x (m)
y
 (
m
)
f) Net water flux (m3/m2/d)
 
 
-50 0 50
0
50
100
150
200
250
-0.02
-0.015
-0.01
-0.005
0
0.005
0.01
0.015
0.02
 
Figure 7. Different indices (shown in the plot titles) calculated over a spring-neap tidal cycle. 
The reference soil depth is set to 0.2 m. 
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Figure 8. Comparison between the simulated and fitted (based on equation (5)) mean soil 
water saturation. Results are for the monochromatic tide (Case 1).
46 
 
x (m)
y
 (
m
)
 
 
a) Simulated 
-50 0 50
0
50
100
150
200
250
x (m)
y
 (
m
)
b) Fitted 
 
 
-50 0 50
0
50
100
150
200
250
0.95
0.955
0.96
0.965
0.97
0.975
0.98
0.985
0.99
0.995
1
Upper
marsh
Lower
marsh
 
Figure 9. Comparison between the simulated and fitted mean soil water saturation. The lower 
marsh is fitted based on equation (5) and the upper marsh is fitted based on equation (6). Re-
sults are for the spring-neap tides (Case 2). 
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Figure 10. Inundation frequency in terms of numbers of inundation events per spring-neap 
tidal cycle.
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Figure 11. Distribution of the composite index based on the soil saturation index and net wa-
ter flux (equation (7)). (a) (b) and (c) 
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Figure 12. Cumulative exceedance percentage of different indices in the creek-marsh system. 
The gray circles are for the monochromatic tide and the black circles are for the spring-neap 
tides. For (d), an enlarged image is also given.
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Figure 13. Plant distribution patterns in the Welwick marsh, Yorkshire, England (53°38´57˝ N, 
0°01´13˝ E). The image is from Google Earth (on 24 October, 2012). 
